Current lithium-ion batteries are predicted to be unable to provide the specific energy required to meet the everincreasing demands of rapidly emerging technologies. Due to a high theoretical specific capacity of 1675 mAh/g, sulfur has gained much attention as a promising positive electrode material for high specific energy rechargeable batteries. Although the lithium/sulfur cell has been studied for many years and continues to receive much attention today as an alternative power source for zero-emission vehicles and advanced electronic devices, the realization of this novel cell's promise as a commercial product has yet to be successful. The major problems with sulfur electrodes involve: (1) the dissolution of sulfur (as polysulfides) and the resulting diffusion of dissolved polysulfides and (2) the deposition of insulating products (including Li 2 S) on both the negative and the positive electrodes. These solid deposits can physically block the electrode reaction sites, thus passivating the electrode surfaces. Another important problem is the large volume change that occurs with the conversion of S to Li 2 S. It is important to understand that the performance of Li/S cells is hampered by linked chemical and mechanical degradations and both degradation mechanisms must be correctly alleviated in order to markedly improve current-technology Li/S cells. In this study, improved cycling performance via the reactive functional groups on graphene oxide to successfully immobilize sulfur and lithium polysulfides during operation has been demonstrated. The use of a new electrolyte and binder leads to improved cell performance in terms of highrate capability (up to at least 2 C) and good reversibility (S $ Li 2 S), yielding at least 800 cycles have also been demonstrated.
Introduction
Among electrochemical energy storage devices, rechargeable lithium-ion batteries still embody the state-of-the-art technology available in the present market. [1] [2] [3] However, there are several challenges that continue to require attention. 4 Above all, it is believed that current oxide-based cathode materials have insufficient capacity to meet the important needs of emerging technologies such as electric vehicles or plug-in hybrid electric vehicles. 5, 6 Advanced batteries with a capability of more than 400 Wh/kg are desired because current lithium-ion batteries are reaching their maximum specific energy (225 Wh/kg). 7, 8 Recently, lithium/sulfur cells, with a theoretical specific energy of 2680 Wh/kg, have emerged as a promising candidate for a new power source for electric vehicles and advanced electronic devices. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The very high theoretical specific capacity (1675 mAh/g) of sulfur electrodes, based on a two-electron reaction, is notably larger than that of current cathode materials.
Sulfur cathodes, however, have shown a short cycle life and poor rate capability that has previously restricted further development of this attractive technology into a practical product. [22] [23] [24] [25] [26] When sulfur atoms electrochemically react with lithium ions to form Li 2 S, intermediate lithium polysulfide species are produced and they are readily soluble in most organic electrolytes. This indicates that active materials are lost from the positive electrode during cell operation, which is a major reason for the poor cycling performance. In addition to the loss of sulfur, the dissolved lithium polysulfides can diffuse to the lithium metal anode. 27 Lithium metal, if not suitably protected, has high reactivity with these polysulfides, therefore, a solid precipitate of Li 2 S can form on the surface of the lithium metal electrode, increasing the cell resistance and lowering the coulombic efficiency. Additionally, the conversion reaction between sulfur and Li 2 S involves an approximate 76% volume change (expansion/contraction), which can result in the mechanical degradation of the sulfur electrode upon cycling.
It is crucial to understand that this polysulfide shuttling involves not only the sulfur electrode but also the lithium electrode and the electrolyte. 12 These degradation mechanisms need to be properly mitigated in order to realize the potential of this promising technology. More comprehensive research is urgently required to solve the problems associated with these complex, interrelated processes in order to dramatically increase the cycle life of lithium/sulfur cells and to improve their performance overall. In the literature, many interesting approaches have been explored, 17, [28] [29] [30] [31] with some success, to develop improved lithium/sulfur cells. As yet, however, it is not clear how to design the most advantageous electrode structures and electrolytes to attain optimal performance.
Here, we report that the performance of lithium/sulfur cells can be significantly improved by modifying the active material structure, electrolyte, and binder. For the sulfur electrode, graphene oxide (GO) with various surface functional groups was used as a component of the nanostructured composite S-GO electrode material. With the help of these functional groups as well as an ionic liquid-based electrolyte and an elastomeric binder, the sulfur can be retained during cell cycling. Even after 800 cycles, we demonstrated a very high specific capacity of 787 mAh/g of sulfur.
Experimental Section
An amount of 0.58 g of sodium sulfide (Na 2 S, anhydrous, Alfa Aesar) was dissolved in 25 mL ultrapure water (Millipore) to form a Na 2 S solution. An amount of 0.72 g of elemental sulfur (S, sublimed, 99.9%, Mallinckrodt) was then added to the Na 2 S solution and was stirred for 2 h with a magnetic stirrer to obtain a sodium polysulfide (Na 2 S x ) solution. Commercial GO-water dispersion (10 mg/mL, ACS Material) was used to form a GO suspension (180 mg of GO in 180 mL of ultrapure water). Different amounts (9 and 328 mg) of cetyltrimethyl ammonium bromide (CTAB, CH 3 (CH 2 ) 15 N(Br) (CH 3 ) 3 , Sigma Aldrich) were added to the GO suspension and stirred for 2 h. The Na 2 S x solution was added to the prepared GO-CTAB-blended solution dropwise while stirring. Then, the Na 2 S x -GO-CTAB blended solution was stirred overnight. The Na 2 S x -GO-CTAB-blended solution was slowly added to 100 mL of 2M formic acid (HCOOH, 88%, Aldrich) using a burette while stirring. The resulting mixture was stirred for 2 h to allow for sulfur to be deposited onto the GO. Lastly, the CTAB-modified S-GO composite was filtered and washed with acetone and ultrapure water several times to remove any salts and impurities. Then, the CTAB-modified S-GO composite was dried at 508C in a vacuum oven for 24 h, followed by heat-treatment at 1558C for 12 h under a flowing argon atmosphere (100 cc/m) in a tube furnace. A scanning electron microscope (SEM, Zeiss Gemini Ultra-55) was used with an accelerating voltage of 3 kV to observe the morphology of the CTAB-modified S-GO nanocomposite. An energy dispersive x-ray spectrometer attached to the SEM (JEOL JSM-7500F) was operated at an accelerating voltage of 10 kV to perform elemental analysis of sulfur and its distribution. Thermogravimetric analysis (TGA, TA Instruments Q5000) was used to determine the weight of the S on the GO using a heating rate of 108C/min in N 2 .
The sulfur electrodes were fabricated by mixing the S-GO nanocomposite, carbon black (Super C65) with a binder, either polyvinylidene fluoride (PVDF) or styrene butadiene rubber (SBR)/carboxymethyl cellulose (CMC) 1:1 by weight, at a weight ratio of 70:20:10 in N-methyl-2-pyrrolidone solvent for PVDF or ethanol/water solution for SBR/CMC to form slurry using an ultrasonicator. The resulting slurry was spread using a doctor blade (Elcometer 3540 Bird Film Applicator) on pure aluminum foil. The solvent was allowed to evaporate at room temperature for 24 h before the electrodes were dried in a vacuum oven at 508C for 48 h. The electrode was cut into circular pieces with a diameter of 12.7 mm for cell assembly. The average sulfur loading of the electrodes was 0.6 mg/cm 2 and the thickness of sulfur electrode is estimated to be 20-30 lm. For the electrolyte, 1 mol/kg lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, Sigma-Aldrich) in (n-methyl-(n-butyl) pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR 14 TFSI, Sigma-Aldrich)/polyethylene glycol dimethyl ether (PEGDME, Sigma-Aldrich) mixture (1:1, by volume) was prepared and used for evaluation of the electrochemical performance of electrodes with different sulfur loadings, CTAB amounts, and heat treatments. For the long-term cycling tests and rate capability measurements, a mixture of 1,3-dioxolane (DOL) and dimethoxyethane (DME) was introduced to PYR 14 TFSI to form 1M LiTFSI in PYR 14 TFSI/DOL/DME mixture (2:1:1 by volume). LiNO 3 (0.1M) was used as an additive in the electrolyte. CR2035-type coin cells were assembled by sandwiching two separators (Celgard 2400) between a lithium metal foil (99.98%, Cyprus Foote Mineral) and a sulfur electrode fabricated with the S-GO composite in an argon-filled glove box. Constant-current discharge and charge testing of the coin cells was performed using a battery cycler (Maccor Series 4000) at different rates between 1.5 (or 1.7) and 2.8 V. The cell capacity was normalized both by the weight of sulfur and the total electrode mixture weight. Before all electrochemical characterizations, the cells were held at open circuit at room temperature for 24 h. All electrochemical characterizations were performed inside a chamber (TestEquity TEC1) maintained at 308C.
Results and Discussion

Synthesis and characterization of CTAB-modified S-GO nanocomposites
To achieve high electrochemical utilization of sulfur, it is important to uniformly deposit the poorly conducting sulfur on the conductive GO. 12 Additionally, porous substrates can help minimize the loss of sulfur. In addition to the physical absorption approach, GOs can act as a sulfur immobilizer because oxygencontaining functional groups on the surface of GO weakly bind to sulfur and polysulfides during cell operation. 31, 32 In this study, sulfur was deposited onto GO using a simple, aqueous solutionbased precipitation method by acidifying the sodium polysulfides in formic acid in the presence of CTAB and GO in water, followed by heat-treatment under an argon atmosphere at 1558C. nanocomposite. These images show that a thin, conformal coating of sulfur was deposited onto the GO. During the synthesis procedure, CTAB, one kind of cationic surfactant, was introduced in order to modify the surface of the S-GO nanocomposite. In our previous work, Raman spectroscopy showed that in addition to peaks resulting from sulfur and CTAB, a new peak appeared, and can be assigned as a CAS bond, indicating that there is a strong interaction between CTAB and sulfur. 31 Consequently, it was revealed that the amount of CTAB can significantly affect the adsorption extent toward polysulfides, thus affecting sulfur (and capacity) retention. The addition of a larger amount of CTAB led to better cycling performance. It was found that the amount of CTAB affects the sulfur content, especially after heat treatment. TGA curves from CTAB-modified S-GO with different amounts of CTAB ( 9 and 328 mg) introduced during the synthesis are shown in Figures 1b and 2b . The sulfur content of these two samples before heat-treatment were almost identical at 89 wt %. The sulfur content, however, decreased after heat-treatment due to the evaporation of sulfur. When more CTAB was added, there was more extensive interaction between sulfur and CTAB, resulting in more CTAB in the precipitate before heat treatment. When more CTAB was added, the TGA curves at the higher temperatures are sloped, indicating a more gradual release of sulfur. For example, when 328 mg CTAB was added, the TGA curves (Figure 1b) are not flat at temperatures above 3008C unlike the TGA curves of S-GO synthesized with just 9-mg CTAB (Figure 2b ). This indicates that the higher content of CTAB can more significantly retard the loss (evaporation in this case) of sulfur.
As shown in Figures 1c and 2c , energy dispersive x-ray spectroscopy analysis indicated that sulfur was uniformly deposited on the GO. In addition to the elemental sulfur, the other two small peaks were assigned to C and O. Even with 80% sulfur confirmed by TGA analysis, there was a uniform thin sulfur coating, which is critical to achieving high utilization and fast kinetics by providing the reduced diffusion length for lithium within the composites. When the sulfur content is low, C and O peaks with higher intensity appeared ( Figure  2c ), indicating that the sulfur coating was thinner, which matches well with the TGA analysis results discussed above.
Effect of electrolyte composition on polysulfide shuttle and rate capability
A new electrolyte formulation is needed to further improve cell performance. [33] [34] [35] While the main role of the electrolyte in electrochemical cells is to provide a fast transport of ions, in Li/S cells there is a major problem with organic solventbased electrolytes due to the high solubility of lithium polysulfides. 12 To address this issue, a pyrrolidinium-based ionic liquid (PYR 14 TFSI) has been successfully introduced as an effective solvent to minimize the polysulfide shuttle, as it has lower polysulfide solubility. 1 v/v) . While maintaining the advantage of using the ionic liquid as an effective solvent for minimizing the loss of sulfur as polysulfide, PEGDME, or a mixture of DOL and DME (1:1 v/v) has been added to the ionic liquid to improve the rate capability as they can provide higher conductivity and provide better wettability of the sulfur electrodes. Both PEGDME and DOL/DME worked well with PYR 14 TFSI and showed good utilization and minimal polysulfide shuttle as evidenced by the charging curves. The addition of 0.1M LiNO 3 showed a slightly larger capacity for both discharge and charge as shown in Figure 3a , b.
Generally, LiNO 3 is added to further minimize polysulfide shuttle by passivating the lithium metal surface with the formation of a protective film containing lithium nitride. 34, 38 LiNO 3 is also known to improve coulombic efficiency by decreasing overcharge. The effect of the LiNO 3 additive can be seen in Figure 3d . Further, long charging times due to the polysulfide shuttle were found in the DOL/DME electrolyte without any LiNO 3 . It is important to note that, as shown in Figure3a, an ionic liquid-based electrolyte without LiNO 3 did not show the polysulfide shuttle. It can be speculated that the ionic liquid (PYR 14 TFSI) used in this work also forms a passivation layer on the lithium metal surface and it can further provide some protection to the lithium metal electrode and thus cycling performance can be further improved. The composition of this surface layer formed on lithium metal needs further investigation and will be reported elsewhere.
While the performance at low current densities was similar, the rate capability of the Li/S cells using DOL/DME (1:1 v/v) electrolyte was better than with PEGDME as shown in Figure 4 . The use of the ionic liquid-based electrolyte with DOL/ DME definitely helps to maintain the capacity and coulombic efficiency of the CTAB-modified S-GO nanocomposite electrodes. These results evidently support the conclusion that an ionic liquid-based electrolyte executes well as an effective solvent of stabilizing the sulfur electrode during cell operation, and the addition of DOL/DME and LiNO 3 further enhances the rate capability and coulombic efficiency, respectively. Therefore, 1M LiTFSI in PYR 14 TFSI 1 DOL 1 DME (2:1:1 v/v/v)1 0.1M LiNO 3 was chosen and the performance of Li/S cells with this new formulation of electrolyte is shown in Figures 5-7 and will be discussed in the following sections. However, the composition of this electrolyte needs to be optimized further to achieve longer cycle life with high sulfur loading. In particular, the concentration of LiNO 3 needs to be optimized to protect Li metal from direct contact by lithium polysulfides in order to obtain improved cycling performance and coulombic efficiency. Some unique electrode nanostructures reported in the literature showed respectable cycling performance without the addition of ionic liquid in the electrolyte, and it is expected that their performance can be even further enhanced if an ionic liquid is included as established in this study.
In this work, the amount of ionic liquid in the electrolyte has not been optimized. It is worth exploring smaller amounts of ionic liquid because of the high cost. It is noted that ionic liquids are already commercially available and it is the low production volume that has resulted in a relatively high cost. The cost should be significantly lowered when the volume increases. Ionic liquids have been receiving increasing attention and have been investigated worldwide for many different contemporary applications such as powerful solvents, electrolytes for batteries, and pharmaceuticals and it is expected that the manufacturing volume will substantially increase in the near future.
Effect of the sulfur content in the electrodes on specific energy other energy technologies, such as fuel cells for high specific energy applications. 12 Thus, future investigations should focus more on developing practical cells. To this end, in order to consider these cells for practical applications, their sulfur loading should be significantly increased to improve the overall specific energy while maintaining good cycle life and sulfur utilization. As yet, this issue remains an important challenge.
High cell specific energy levels can be obtained when the loading of sulfur is high, and good utilization is obtained. The specific capacities based on total electrode mass and their demonstrated cycle lives are shown in Figure 5 to illustrate the importance of the sulfur content and loading. While the specific capacity normalized by sulfur is only higher for electrodes fabricated with 50% S, the reverse is true for the actual specific capacity normalized by the electrode mass. In fact, electrodes fabricated with 80% S exhibit higher specific capacity. The specific capacity difference in this work is not great, but can be increased by increasing the content of S-GO from the current 70% to more than 85% or even higher.
Effect of binders in the electrodes on cycle life
In this work, the traditional PVDF binder has been replaced by SBR/CMC to further improve cell performance. The binder plays an important role in prolonging the cycle life of lithium cells, especially for electrode materials that involve large volume changes during cell cycling. [39] [40] [41] The important requirements of a good binder in Li/S cells include: (1) good adhesion with electrode materials, (2) the ability to construct a good electronically conductive network structure between sulfur and conductive carbon, and (3) maintenance of the mechanical robustness of the electrode during cycling. 12 For lithium/sulfur cells, among these requirements, the ability to maintain the structural integrity of an electrode is very important as an approximate 78% volume change is involved.
In this respect, elastomeric binders can be a good alternative to PVDF, which is conventionally used in cathodes for lithium-ion cells. Elastomeric rubbery materials are both elastic and viscous, and thus have been commonly used as shock or vibration dampers. Elastomeric materials exhibit low elastic . These results demonstrate the importance of electrolyte composition (solvents and additive). The CTAB-modified S-GO composite containing 50% S was used as the active material (70% in the composite electrode) and PVDF binder was used. Cells were cycled between 1.7 and 2.8 V at the constant rate of 0.1 C (1 C 5 1675 mA/g). The capacity is normalized by the weight of sulfur. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] modulus and are able to withstand a large deformation as much as 1000%. SBR is one type of elastomeric material and its elongation can be as much as 250-700% while the elongation of PVDF is only 20-25%. The Young's modulus of SBR is 2-10 MPa, while PVDF's Young's modulus is 2000-2900 MPa, which points out that PVDF is much stiffer than SBR.
Cycling tests were performed with two sulfur electrodes made with two different binders as shown in Figure 6 . The PVDF binder-based electrode showed a decrease in capacity in the beginning of the cycling test due to mechanical degradation. In contrast, the SBR-based electrode showed very stable cycling performance under the same conditions, indicating the important role of the elastomeric binder. The electrochemical impedance spectra of the two electrodes were also measured and compared after 100 cycles of operation. The SBR-based electrode showed much lower charge transfer impedance, representing that the elastomeric binder helps sustain the structural integrity of the sulfur electrode during cycling.
A sulfur electrode made with an elastomeric binder showed good cycling performance at 1 C (1 C 5 1675 mA/g of sulfur) and 0.25 C for discharge and charge, respectively. The cycling test was then continued up to 800 cycles as shown in Figure 7 . To check the specific capacity that can be obtained at a lower C rate, cells were checked periodically during the long-term cycling test and the discharge and charge capacity were measured using 0.05 C. Even after 800 cycles, the discharge capacity was about 787 mAh/g of sulfur at 0.05 C, which corresponds to 441 mAh/g of electrode mixture, which leads to 0.47 mAh/ cm 2 of electrode. The discharge capacity, however, continued to fade with a low capacity decay rate (0.062% per cycle at 1 C), but the shuttle effect (diffusion back and forth of lithium polysulfides) has been effectively reduced in this study, which is evidenced by the very small overcharges at the low discharge/charge rate (0.05 C) after long-term cycling tests and high coulombic efficiency (e.g., 95.9% after 800 cycles).
Conclusions
Although lithium/sulfur cells have received much attention, the realization of this novel cell chemistries' potential as a commercial product has yet to be successful mostly due to short cycle life. There are three main degradation mechanisms that can lead to capacity fading. These include: (1) the mechanical degradation of electrodes due to volume change (76%), (2) the dissolution of sulfur (loss as polysulfides), and (3) the polysulfide shuttle (movement of polysulfides between anode and cathode). Although these issues have not been entirely eliminated in this study, we have significantly improved cycling performance by minimizing capacity loss, and have achieved 800 cycles using a CTAB-modified sulfur-GO (to alleviate the loss of sulfur from the electrode by augmenting the absorption capabilities of the active material), using an elastomeric binder (to lessen mechanical degradation), and The CTAB-modified S-GO composite containing 80% S was used as the active material (70% of the composite in the electrode). LiTFSI (1M) in PYR 14 TFSI/DOL/DME mixture (2:1:1 by volume) with 0.1M LiNO 3 was used as the electrolyte (total 60 lL).
The cells were cycled between 1.5 and 2.8 V. The capacity is normalized by the weight of sulfur.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] The CTAB-modified S-GO composite contained 80% S and elastomeric SBR/CMC binder was used. LiTFSI (1M) in PYR 14 TFSI/DOL/DME mixture (2:1:1 by volume) with 0.1M LiNO 3 was used as the electrolyte (total 60 lL). The cells were cycled between 1.5 and 2.8 V. The capacity is normalized by the weight of sulfur.
using an ionic liquid based electrolyte (PYR 14 TFSI/DOL/DME mixture, 2:1:1 by volume) as an effective solvent (to minimize the dissolution of sulfur and polysulfide shuttle). Another noteworthy attribute of this study is that the lithium metal electrode exhibited over 800 cycles with no cell shorting triggered by lithium dendrites, when used with ionic liquid-based electrolytes, which may allow for the removal of graphite or silicon as a negative electrode in current lithium-ion cells. We recognize that additional work is still needed to commercialize this technology, especially for electric vehicle applications. As an example, we are now increasing sulfur loading and sulfur content, while maintaining the high utilization and long cycle life demonstrated in this work.
